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ABSTRACT1 
In this study, Finite element Method (FEM) evaluation is performed for the compressive failure of 
reinforced structures with layered composite shells under axial loading. In addition, embedded 
delamination between the reinforcing layered composite shells and the core is considered as a defect. 
The layered composite shells are made of 12 plies of equal thickness of Kevlar, CFC, and E-Glass 
with epoxy resin. Considering the orientation and laminate, three different layered composite shells, 
(0°/90°/0°/90°/0°/90°), (45°/-45°/0°/90°/60°/-30°), and (60°/-30°/90°/0°/30°/90°), are considered for 
symmetrical and antisymmetrical sequences. These results are obtained through ABAQUS 
simulations and subsequent analysis. The results show that symmetrical and antisymmetrical 
sequences can be used as an index for quality control and as a safety factor of composite shells 
produced by the hand lay-up technique in certain industrial processes. The delamination growth is 
also investigated with the help of cohesive elements. Buckling phenomenon occurred abruptly due to 
the fast propagation of delamination, having face/core debond. 
Keywords  
Delamination of Layer, Sequence of Layered Composite, Compressive Loading, Fracture Mechanics, 
Finite Element. 
 INTRODUCTION 
      The ever-increasing demand for lightweight and efficient structures has led engineers and 
scientists to use composite materials in several applications. The design of composite materials is 
aimed at achieving superior performance with unique thermomechanical properties and specific 
strengths, which cannot be achieved using traditional materials. 
In particular, layered polymeric composites have many potential applications in a variety of 
engineering fields. However, composite materials possess strong in-plane material properties, though 
they usually lack strength in the direction normal to fiber orientation [1]. This is attributed to their 
laminated forms with relatively weak interlaminar interfaces, exhibiting low resistance against shear 
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and compression. As a consequence, interlaminar cracks, for example, delamination at the interface 
between two layers, can be initiated. This phenomenon is termed delamination, and it is one of the 
most common modes of failure in composite structures. Delaminations will significantly reduce the 
load-carrying capacity and stability of components [2]. Many experimental and numerical results 
related to the ultimate strength of debonded shells have been published, for example, the studies of 
Sørensen et al. [3,4], Branner and Berring [5], and Benloulo and Sanchez [6]. Modeling of composites 
failure behavior has become the main objective in studies over the years, as seen in the studies of 
Gaiotti et al. [7], Short et al. [8], Li et al. [9], and Wright [11]. Delamination is particularly important 
in sandwich structures under compressive loading because the loss of stiffness leads to failure by 
buckling [12]. 
BASIC CONCEPT 
Manufacturing defects, bird strike, impact of runway debris, and tool drops are some of the causes 
of delamination. Delamination due to transverse shear and normal stresses is a complex phenomenon, 
and hence, predicting these interlaminar stresses is difficult [13]. At present, higher fiber contents 
have been made possible by innovative fabrication processes, such as vacuum infusion, recently 
introduced in the marine industry. Therefore, it is now possible to fabricate increasingly thinner layers 
with sufficient strength for the intended structural applications. In the case of sandwich structures, 
the thickness of shells is much less than in single-layered shells [14]. Many studies have developed 
into failure by buckling; these include the studies of Aslan and Shahin [15], Wang and Abdalla [16], 
Ji and Waas [17], Moradi and Taheri [18], Safaei and Fattahi [19-20], Hosseini et al. [21], and Liu 
and Zheng [22]. 
The previous studies have brought attention to the fact that applied loads and behavior of structures 
lead to failure by increased delamination. Moreover, owing to the difficulty in detecting delamination, 
it is usually the most critical type of damage that composite and sandwich structures experience under 
compressive loads [23]. Delamination was analytically modeled by applying the well-established 
sandwich theory in earlier times, and this method is still employed in the preliminary design as quick 
estimates [24]. 
For reinforced composite structures, one must consider the bending strength of the layered 
composite shells and the shear strength of the core separately. In other words, the interactions between 
the shells and the core are being neglected. Composite shell elements, whose stiffness matrix is based 
on the classical laminate theory formulation, are successfully used as finite elements. Hence, the core 
is simulated as one of the laminate shells when the overall laminate bending behavior is of interest 
and imperfections such as delaminations are not explicitly considered. The use of shell elements for 
analyzing the behavior of composite shells via FEM has been extended. Generally, reinforced 
structures are simulated by applying different strategies depending on the specific goal of the analysis 
[25]. Composite shell elements, whose stiffness matrix is based on the classical laminate theory 
formulation and size of meshed elements, depend on the layered composite shell thickness considered 
in the analysis. Therefore, meshed elements are used in finite element simulation analysis for node-
to-node coupling between the layered composite shell elements and the core. 
There is a mismatch between the suitable element size necessary to model the layered composite 
shells and the core because the classical sandwich theory, which is the theoretical basis of the 
definition of layered composite shell elements, reduces the essentially three-dimensional composite 
to a two-dimensional, deformable reference surface with appropriate bending and shear stiffness 
properties. On the other hand, the computation costs of three-dimensional modeling are impractical 
for regular engineering purposes [26]. In fact, the assumption of neglecting the actual shear stress 
distribution in the thickness may lead to overestimation of the bending stiffness because of the 
relatively larger dimension of the PVC core with respect to the shells. Because brick elements 
simulate three-dimensional strain fields well, they should be used when the thickness is not negligible 
with respect to the other dimensions. On the other hand, when problems arise owing to bending 
stresses, a brick model needs several through-thickness elements to properly reproduce the bending 
effects. 
However, when the shell is very thin, a large number of elements are needed to achieve reliable 
computation to prevent problems due to the relatively high aspect ratios and high possibility of 
distortion of the elements. This eventually results in very high computation costs of the numerical 
model. 
One problem arising from the use of very thin shell elements is the well-known phenomenon of 
shear locking: element locking has been widely discussed [27]. It is the phenomenon of an element 
being too stiff as compared to reality. In essence, the phenomenon arises because the interpolation 
functions used to map strains and stresses in the elements cannot represent zero (or very small) shear 
or membrane strains. If the element cannot represent zero shear strains, and the physical situation 
corresponds to zero (or very small) shear strains, then the element becomes very stiff as its thickness-
to-length ratio decreases. If a sandwich structure is under compressive loading, and a plate or beam 
is bent, the maximum stresses occur at the top and bottom surfaces. Therefore, it makes sense to use 
high-strength materials only at the top and bottom and low-strength and lightweight materials in the 
middle. 
The strong and stiff facings also support axial forces. In addition, the resistance to bending of a 
rectangular cross-sectional beam/plate is proportional to the cube of the thickness. Thus, increasing 
the thickness by adding a core in the middle increases this resistance. Note that the highest shear 
forces occur in the middle of the sandwich structure, and thus, the core is necessary for supporting 
the shear [28]. 
Figure 1. Graph of the bi-linear traction- separation law 
Focusing on delaminations, the cohesive zone model (CZM), implemented in FE codes through 
suitable elements (cohesive elements), is one of the most used approach to simulate the onset and the 
propagation of delaminations in composite structures [25-28]. As mentioned earlier, composite 
delamination is one of common defect that occurs on sandwich structures reinforced by composite 
laminates. Current studies have investigated the effect of layer delamination growth on compressive 
strength of composite structures. To effectively model damage evolution within a material or structure 
with bonded components, cohesive zone models (CZM’s) coupled to conventional FE analyses was 
used the most widespread method of predicting static or fatigue damage uptake in structures [3-5].  
Focusing on delaminations, the cohesive zone model (CZM), implemented in FE codes through 
suitable elements (cohesive elements), is one of the most used approach to simulate the onset and the 
propagation of delaminations in composite structures [25-28].CZM’s are based on the concepts of 
stress and fracture mechanics and can be fitted into the local or continuum approach, since they can 
either be considered to model the interfacial fracture behaviour of equally or differently oriented plies 
in stacked composites, (fig. 1). The CZM laws are established between paired nodes of cohesive 
elements, and they can be used to connect superimposed nodes of elements representing different 
materials or different plies in composite. Cohesive elements captured the crack initiation as well as 
the process of crack propagation. Effect of delamination growth on buckling response of sandwich 
was investigated using cohesive elements (COH3D8) 
 MODELING OF STRUCTURE 
There are three analyses in simulations, first analysis is for sandwich structures without 
delamination which is a perfect structure. Second analysis is done for sandwich structures without 
delamination growth, turn in third analysis is for sandwich structures with growth of delamination 
with cohesive elements. Delamination is between core and composite laminates 50 mm length. While 
buckling phenomenon occurs, delamination is suddenly propagated The results of FEM output 
indicate that effect of delamination length is considerable on buckling load. Delamination and its 
growth likely resulted in dropping of buckling load.  Delamination growth has been investigated by 
cohesive elements with defect code and compare with experience results on buckling load in 
sandwich structures. 
As we mentioned earlier, the dimension of sandwich structure is given in Table 1, addressing the 
area of delamination. The cores are made of PVC (Polyvinyl Chloride) and from H45 and H80 that 
is named cores is based on the numerical value of the density of each of them [29].  
Results were compared with those of a previous study [30] for verification. For further studies, 
research was conducted to determine the buckling behavior of reinforced sandwich structures with 
composite shells for symmetrical and antisymmetrical sequences. Two cores were tested with 
different elastic moduli, and both cases were considered in order to evaluate the effect of core stiffness 
on the numerical simulation. Table 2 lists the mechanical properties of each core, as reported in 
industrial experiments. Table 3 reports the mechanical properties of each of the reinforcing layered 
composite shells. 
Table 1 DIMENSION OF STRUCTURE [30] 
Area Length 
(mm) 
Area Length (mm) 
38 d 100 a 
50 L 50 b 
Table 2 MECHANICAL PROPERTIES OF CORE 
[29, 30] 
Core E (Mpa) G (Mpa) 𝜌𝜌 (kg/m3) 
H45 42 18 45 
H80 80 30 80 
Table 3 MECHANICAL PROPERTIES OF 
COMPOSITE SHELL [65, 66] 
Properties Material 
Kevlar CFC E-Glass
𝑋𝑋𝐺𝐺  (Mpa) 250 120 70 
𝜌𝜌 (kg/m3) 1400 1800 1900 
𝑋𝑋𝐶𝐶
𝐿𝐿 (Mpa) 500 111 690 
𝑋𝑋𝑇𝑇
𝐿𝐿 (Mpa) 3100 2724 1050 
𝑋𝑋𝐶𝐶
𝑇𝑇 (Mpa) 1800 1690 140 
𝑋𝑋𝑇𝑇 𝑇𝑇 (Mpa) 150 50 55 
𝐸𝐸𝐿𝐿 (Gpa) 195 164 38 
𝐸𝐸𝑇𝑇  (Gpa) 14.6 12.8 8.27 
𝐺𝐺12 (Gpa) 7.5 4.5 4.14 
𝐺𝐺23 (Gpa) 5 2.5 4 
𝜇𝜇12 0.3 0.32 0.25 
𝜇𝜇23 0.45 0.45 0.27 
PERFECT STRUCTURE VS STRUCTURE WITH DELAMINATION VS STRUCTURE 
WITH DELAMINATION GROWTH 
An analytical function is used to simulate a thick core with soft behavior. It is modeled separately 
in the analysis. Such a function can explain the effects of transverse stiffness of the core. It is clear 
that there are complexities in the simulation of the behavior of reinforced structures under 
compressive loading. Therefore, the reinforcing layered composite shells and the core exhibit 
different structural behaviors when coupled. If delaminations are present, such coupling is further 
discontinuous in the whole sandwich structure. 
Where there is no separation between the reinforcing layered composite shells and the core, the 
shells and the core are connected by node-to-node connection, but where there is a separation, 
reinforcing layered composite shell elements and the core are connected via surface contacts and 
reactions. If delaminations exist between the reinforcing layered composite shells and the core, they 
are an extremely critical aspect of the structure. Generally, buckling in structures under compressive 
loading is unavoidable. Global buckling is the instability of the whole section of the sandwich 
structure, which maintains its shape and shifts globally out of plane owing to compressive loading, 
while local buckling is considered as the buckling of a portion of the cross section of the layered 
composite shell [31].  
    For further studies, research was conducted to determine the buckling behavior of reinforced 
sandwich structures with composite shells for symmetrical and antisymmetrical sequences. Fig. 2 
shows geometry of modeling for reinforced perfect structure. Secondary, the structure with an 
implemented separation/debonding is being investigated. This separation is just embedded in one side 
of composite face/shell between core and composite layers as shown in fig. 3. 
Figure 2.  Geometry of modeling for reinforceed perfect structure 
Figure 3. geometry modeling for reinforceed structure with embedded delamination 
After all, presented cohesive element allows the simulation of delamination failure in bonded 
joints on a full scale structural level. Utilizing of cohesive element enables us to simulate more 
precisely sandwich structures while they are under axial load. This type of elements acts like a glue 
with specific mechanical properties, as the separation tends to propagate. The schematic of the 
structure with embedded separation is demonstrated in fig 4. Reinforcing layered composite shells 
are separately connected to each side of the core, with one side having a strong connection without 
debonding and the other side has no specific debonding. 
Figure 4. geometry modeling for reinforceed structure with embedded delamination and cohesive element 
Reinforcing layered composite shells are made of Kevlar/Epoxy, CFC/Epoxy and E-Glass/Epoxy. 
Table. 3, reports stiffness and strength properties in longitudinal and transversal directions as well as 
tensile, shear and compressive strength. Reinforcing layered composite shells separately are 
connected in two cores H45 and H80, whereas on one side of the core, shells having quite firmly and 
without separation and the other side, core has a separation between the shell and core. 
Fig. 5, Attention to boundary conditions, applied displacement on the reinforced structure with 
layered composite shells in perpendicular degrees of freedom and DoF in whole orientation are 
limited and can be estimate applied loads. Also, in bottom of structure used coupling that whole of 
DoF are limited. Fig. 6, indicate orientation and laminate in reinforcing layered composite shells for 
symmetrical and asymmetrical sequence. In finite element is very important considering to how to 
connect the reinforcing layered composite shells to three-dimensional elements of the core. 
Layers/Laminate in reinforcing composite shells containing to 12 ply. There is six difference such as 
[0°/90°/0°/90°/0°/90°], [45°/-45°/0°/90°/60°/-30°] and [60°/-30°/90°/0°/30°/90°] and with separately 
and for symmetrical and antisymmetrical sequnce, are to be used in the present study, Fig. 7 and 8. 
Reinforcing shells from layered shell elements and core from solid elements that is known by surface 
contact between the reinforcing layered composite shells and the core.  
Figure 5. Boundary Condition of Structure 
Figure 6. Schematic of Symmetrical and Anti-symmetrical sequence in layered composite shells 
Figure 7. Symmetric sequence  a) [0°/90°/0°/90°/0°/90°]   b) [45°/-45°/0°/90°/60°/-30°]   
c) [60°/-30°/90°/0°/30°/90°]
Figure 8. Anti-symmetric sequence  a)   [0°/90°/0°/90°/0°/90°]   b)   [45°/-45°/0°/90°/60°/-30°]    
c) [60°/-30°/90°/0°/30°/90°].
CLASSICAL LAMINATION THEORY 
If the lamina is thin and does not carry any out-of-plane loads, one can assume plane stress conditions 
for the lamina. Gaiotti [1] primarily calculated the governing equation of stress and strain tensors. 
Matrices [N] and [M] are the total force and moment resultants equal to the respective sums of their 
mechanical components, which is generally expressed as in Eq. (1): 
�
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Matrices [A], [B], and [D] relate the force and bending to strain and curvature of the middle plane, 
as shown in Eq. 2. The extensional stiffness matrix [A] relates the resultant in-plane forces to the in-
plane strains, and the bending stiffness matrix [D] relates the resultant bending moments to the plate 
curvature. The coupling stiffness matrix [B] couples the force and moment terms to the midplane 
strain and midplane curvature. 
𝑨𝑨𝒊𝒊𝒊𝒊 = ���𝑬𝑬�𝒊𝒊𝒊𝒊��𝒌𝒌(𝒉𝒉𝒌𝒌 − 𝒉𝒉𝒌𝒌−𝟏𝟏)𝒏𝒏
𝒌𝒌=𝟏𝟏
(2) 
𝑩𝑩𝒊𝒊𝒊𝒊 = 𝟏𝟏𝟐𝟐���𝑬𝑬�𝒊𝒊𝒊𝒊��𝒌𝒌�𝒉𝒉𝒌𝒌𝟐𝟐 − 𝒉𝒉𝒌𝒌−𝟏𝟏𝟐𝟐 �𝒏𝒏
𝒌𝒌=𝟏𝟏
𝑫𝑫𝒊𝒊𝒊𝒊 = 𝟏𝟏𝟑𝟑���𝑬𝑬�𝒊𝒊𝒊𝒊��𝒌𝒌�𝒉𝒉𝒌𝒌𝟑𝟑 − 𝒉𝒉𝒌𝒌−𝟏𝟏𝟑𝟑 �𝒏𝒏
𝒌𝒌=𝟏𝟏
Where ��𝑬𝑬�𝒊𝒊𝒊𝒊��𝒌𝒌are the elastic moduli of k-th ply in i and j directions and 𝒉𝒉𝒌𝒌 are the distances from
the neutral axis of the k-th ply. 
FINITE ELEMENT METHOD RESULTS 
In previous studies, the emphasis was on the prediction of buckling behavior of reinforced 
structures with layered composite shells. Composite shells are made of glass and vinylester and 
connected to the core of H45 and H80, and the reinforcing shells and cores are separated. The load-
displacement curves obtained via the present simulations are shown in Fig. 9 and compared to the 
results of a simulation performed in a previous study [31]. Reinforcing layered composite Shells are 
made of Kevlar/Epoxy, CFC/Epoxy and E-Glass/Epoxy. Fig. 10, shows schematics are obtained from 
the finite element analysis for the deformation of structure with reinforcing shells under loading 
(no delamination growth). It is descriptive of buckling structure in a perfect structure and a structure 
with delamination 
Figure 9. Load-displacement curve in present study and reference [31] 
The cohesive zone must be discretized with a single layer of cohesive elements through the 
thickness. If the cohesive zone represents an adhesive material with a finite thickness, the continuum 
macroscopic properties of this material can be used directly for modeling the constitutive response of 
the cohesive zone. Alternatively, if the cohesive zone represents an infinitesimally thin layer of 
adhesive at a bonded interface, it may be more relevant to define the response of the interface directly 
in terms of the traction at the interface versus the relative motion across the interface. FE model of 
each structure is developed using the material properties of cohesive elements that are provided in 
Table 4. All specimens are unidirectional and the fibers are aligned with the direction of fracture 
propagation. To demonstrate delamination growth in the structure, the cohesive zone model is an 
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10 
appropriate selection. Therefore, the core element (C3D8R) used in FE software is able to calculate 
shear and normal stresses, precisely. To model of composite layers, (S8R) is employed and finally in 
order to simulate and predict the separation growth, cohesive elements (COH3D8) has been used. 
Thus, cohesive elements are implemented to show buckling of structure with delamination growth 
under axial loading, Fig 11. The effects of separation, orientation, and laminate fibers with symmetric 
and antisymmetric sequences on the buckling behavior of reinforced structures with composite shells 
under axial loading were also studied. 
    Figure 10.  a) Global Buckling for Perfect structure, b) Local Buckling and C) Global Buckling for structure with 
embedded delamination 
Figure 11. a) separation of cohesive elementin structure with delamination, b) Local and c) Global Buckling for 
structure with delamination growth 
Although, most reinforcing layered composite shells in use are today symmetrical, but can to 
access to achieve design to specific and complex structures use to anti-symmetrical layered 
composites in occasionally. Similarly, it investigated to check the applied load in symmetrical and 
anti-symmetrical composite shells for structure with delamination and delamination growth. Fig. 12-
a displays a reinforced structure with Kevlar/epoxy-layered composite shells, and it shows the effect 
of delamination for symmetric and antisymmetric sequences. Also, in Fig.12-b, a reinforced structure 
with Kevlar/Epoxy shell with delamination growth has been investigated for different sequences. It 
is clear that how the delamination growth plays significant role in decreasing compressive loading. 
With regard to the properties and mechanical behavior of reinforcing shells, the numerical analysis 
Table 4 Material properties of cohesive element [32] 
Mechanical Magnitudes Properties 
Penalty stiffness Kp 850 
Tensile strength T 3.3 
Shear strength S 7 
Fracture Toughness GIc 0.33 
GIIc=GIIIc 0.8 
11 
indicates that local buckling force in the first slope is linear and obtained at an early stage, and when 
layered composite shells start failing, the slope magnitude is suddenly lowering till global buckling 
occurs and eventually the whole structure fails. 
a) 
b) 
Figure 12. Applied compressive load on structure with Kevlar/Epoxy and H45 core for Symmetrical and Anti-
symmetrical sequence – a) With Delamination b) With Delamination Growth 
LOCAL AND GLOBAL BUCKLING FOR STRUCTURES WITH EMBEDED 
DELAMINATION AND DELAMINATION GROWTH 
Fig. 13–15 show the effects of separation and laminate fibers in symmetrical and antisymmetrical 
sequences in another structure with different layered composite shells and the core. Although most 
reinforcing layered composite shells in use today are symmetrical, antisymmetrical layered 
composites are occasionally used to design specific complex structures. Similarly, in all specimens, 
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12 
simulation was performed for layered composite shells for symmetrical and antisymmetrical 
sequence with the H45 and H80 cores.  
Aslan and Shahin [15] studied the compressive failure of layered composite shells with large 
delamination. They used different layered composite shells with symmetrical and antisymmetrical 
sequences. According to Fig. 13, the results show that the bending strength of structures with 
CFC/epoxy in the antisymmetrical sequence is much greater than that of structures with symmetrical 
sequence in three different layered composite shells (0°/90°/0°/90°/0°/90°), (45°/-45°/0°/90°/60°/-
30°), and (60°/-30°/90°/0°/30°/90°). As shown in Fig. 14, the bending strength of structures with E-
glass/epoxy with H45 core with the symmetrical sequence in (0°/90°/0°/90°/0°/90°) and (45°/-
45°/0°/90°/60°/-30°) is much greater than that with antisymmetrical sequence. Note that for (60°/-
30°/90°/0°/30°/90°), the antisymmetrical sequence bending strength is greater than that with 
symmetrical sequence.  
Figure 13. Compressive load of structure with delamination for H45, H80 cores and CFC/Epoxy shells 
Figure 14. Compressive load of structure with delamination for H45, H80 cores and E-Glass/ Epoxy shells 
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Figure 15. Compressive load of structure with delamination for H45,H80 cores and Kevlar/Epoxy shells 
For E-glass/epoxy with H80 core with (45°/-45°/0°/90°/60°/-30°) and (60°/-30°/90°/0°/30°/90°), 
the antisymmetrical sequence is stronger than the symmetrical one. In structures with Kevlar/epoxy 
with H45 core (0°/90°/0°/90°/0°/90°) and (60°/-30°/90°/0°/30°/90°), bending strength is more 
effective for the antisymmetrical sequence than for the symmetrical sequence, as shown in Fig. 15. 
For Kevlar/epoxy with H80, generally, the antisymmetrical sequence is more effective than the 
symmetrical sequence. Similar plots have been provided for buckling of structures with a 
delamination growth (propagation), in Fig 16-19.  They have showed quite similar trends with the 
previous results, addressing no propagation. However, the magnitude of compressive loading while 
we have a delamination growth are significantly lower. 
Figure 16. Compressive load of structure with delamination growth for H45, H80 cores and CFC/Epoxy shells 
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Figure 17. Compressive load of structure with delamination growth for H45, H80 cores and E-Glass/ Epoxy shell          
Figure 18.  Compressive load of structure with delamination growth for H45, H80 cores and Kevlar/Epoxy shells 
NORMALIZED NUCKLING LOADS FOR STRUCTURE WITH MEBEDED 
DELAMINATION 
Value of applied load drop in structure with delamination and delamination growth in respect to 
perfect structure are given by means of bar diagrams in Fig 19-20. These figures are based on the 
results obtained from the numerical analysis in FEM simulations. These diagrams show that the 
normalized applied load decreases because of delamination and symmetrical and antisymmetrical 
sequences in layered composite shells. Furthermore, load dropped percent with respect to perfect 
sandwich are also provided in Table 5-6.  
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Figure 19. Normalized buckling loads for structure with delamination compare to perfect structure 
Figure 20. Normalized buckling loads for structure with delamination growth compare to perfect structure 
Thus, the effects of symmetrical and antisymmetrical sequences differ in terms of structures 
according to the properties and material behavior, whereas for each of the layered composite shells, 
a particular sequence is better than the other sequence. In addition, the effect of symmetrical and 
antisymmetrical sequences in layered composite shells causes an increase in the bending strength of 
structures such that it can be used as an index for quality control and safety factor for the composite 
shells in specific industrial production processes of reinforced structures. 
Table 5. Value of dropped load of structure with delamination vs. perfect structure 
Symmetrical Sequence Anti-symmetrical Sequence 
Type (0°/90°/0°/ 90°/0°/90°) 
(45°/-45°/0°/ 
90°/60°/-30°) 
(60°/-30°/90°/ 
0°/30°/90°) 
(0°/90°/0°/ 
90°/0°/90°) 
(45°/-45°/0°/ 
90°/60°/-30°) 
(60°/-30°/90°/ 
0°/30°/90°) 
CFC-H45 14.5% 16.2% 13.5% 12.3% 14.5% 11.4% 
CFC-H80 19.3% 21.6% 19.7% 19.4% 21% 17.8% 
E-Glass-
H45
22.8% 26.7% 26.2% 28.9% 32.7% 29.6% 
E-Glass-
H80
28.9% 32.7% 29.6% 33.4% 28.6% 28.6% 
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Kevlar-
H45 
14.3% 12.8% 11.7% 10.4% 13.6% 10.4% 
Kevlar-
H80 
18.3% 19.6% 17.3% 15.6% 18.1% 15.3% 
Table 6. Value of dropped load of structure with delamination growth vs. perfect structure 
Symmetrical Sequence Anti-symmetrical Sequence 
Type (0°/90°/0°/ 90°/0°/90°) 
(45°/-45°/0°/ 
90°/60°/-30°) 
(60°/-
30°/90°/ 
0°/30°/90°) 
(0°/90°/0°/ 
90°/0°/90°) 
(45°/-45°/0°/ 
90°/60°/-30°) 
(60°/-30°/90°/ 
0°/30°/90°) 
CFC-H45 54.5% 65.7% 62% 59.9% 66.2% 60.7% 
CFC-H80 48.6% 60.8% 66.1% 40.8% 55.1% 45.7% 
E-Glass-
H45
55.4% 57.4% 60.1% 58.2% 57.3% 52.5% 
E-Glass-
H80
54.6% 52.1% 53.4% 57.7% 48.5% 52.4% 
Kevlar-
H45 
69.1% 60.6% 64.8% 62% 61.4% 64% 
Kevlar-
H80 
52.4% 45.6% 49.4% 55.2% 45.5% 56.9% 
CONCLUSION AND DISCUSSION 
Delamination is an important defect in the design and manufacturing of structures. Therefore, the 
effects of delamination, orientation, and symmetrical and asymmetrical sequences on the buckling 
behavior of reinforced structures with layered composite shells under axial loading are investigated. 
In this study, finite element analysis was performed to determine the bending strength of reinforcing 
layered composite shells. For more accurate simulations, the appropriate mesh size has been 
estimated as 5% of the core thickness. 
The obtained results indicate that it is very important to consider the appropriate behavior of the 
material in the design of reinforced structures with layered composite shells in order to avoid 
delamination. The effects of symmetric and antisymmetric sequencing on the bucking stability of the 
structures is mainly attributed to the mechanical properties of the composite skin and the sandwich 
core. Delamination effects on reinforced structures are remarkable. With this in mind, delamination 
in reinforced structures causes dropping in the loads applied to the structure and reduces the bending 
strength of layered composite shells, leading rapidly to buckling and earlier failure. This study was 
performed based on the data obtained from the failure test of a reinforced structure with layered 
composite shells under axial loading by the finite element method. The interaction between the 
reinforcing layered composite shell and the core and the lack of tight connection of reinforcing 
layered composite shells to the core in the delamination area were studied through simulation and 
analysis during delamination modeling. For the study, layered fiber with epoxy matrix was used to 
consider the symmetrical and antisymmetrical sequences and orientation effect. 
Further, 12-ply layered composite shells of identical thickness were made using Kevlar/epoxy, 
CFC/epoxy, and E-glass/epoxy. 
Every sample indicates that the fiber orientation in the symmetrical and antisymmetrical sequences 
can be used as an index for quality control and as a safety factor for the layered composite shells in 
specific industrial production processes of reinforced structures. 
The effects of delamination growth on compressive load were investigated by the cohesive 
elements. One of the main advantages of CZM is that delaminations are easily accounted for by 
simply removing the coupling between the elements representing the skins and those representing the 
core. Cohesive element method showed a very good meshing independency and they were also able 
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to optimize the time of post processing. For each of the layered composite skin laminate, a particular 
sequence also exhibited the optimum compressive strength. 
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